The frequency dependence of the transverse optical mode in the long-wavelength limit on the density of conduction electrons is calculated. This dependence is a consequence of the dielectric properties of the free electron gas which gives a change of the effective ion-ion interaction. By putting the limiting frequency equal to zero one finds an equation for the ferroelectric Curie temperature.
Introduction
In the years since 1959 several publications [l to 41 appeared in which phonon dispersion curves, measured with neutron spectroscopy, were compared with theoretical calculations based on a rigid ion and a shell model. I n 1960 Cochran [ 5 , 61 showed that the ferroelectric transition in ionic crystals arises from instabilities of these crystals against a normal mode of vibration. As a function of temperature the limiting frequency of the transverse optical mode becomes zero a t the Curie point, as expressed by the Lyddane-Sachs-Teller relation [5, 7, 81. Later interest was in the lattice dynamics of ferroelectric semiconductors as PbS, PbTe, and SnTe, in which the measurement of the static dielectric constant and the Curie temperature are difficult because of the high conductivity [9 to 131. I n connection with the work on SbSI and FeS in our laboratory [14] the following problem arose: What is the dependence of the Curie temperature on the concentration of charge carriers 8 This problem will be analysed in this paper on the basis of a simple model for the coupled ion-electron system.
We will consider a lattice consisting of two types of ions immersed in an electron gas. The ions interact with one another via Colulomb forces and via central repulsive forces. The electrons screen the ions as a consequence of the Coulomb interaction between ions and electrons. From the expression for the screened Coulomb potential the limiting frequency of the transverse optical mode is calculated and by putting this frequency equal to zero we get the Curie temperature as a function of the electron density.
As a general conclusion we may state that this temperature decreases with increasing electron concentration. An approximate expression is given for the shift of this temperature. 
Effective Force between the Screened Ions
The potential field of the bare ions is given by
where Zi e is the charge and Ri the position of the i-th ion.
For the effective potential of the screened i-th ion we take for a degenerate electron gas with density no and
kT for a classical electron gas with density no.
The energy of two ions a t Rt and R j is given by and the total screened Coulomb energy is (5)
with Rij = Ri -Ri and R,, = .
For the force on the I-th ion we can write with
Series Expansion of tho Force
We define where Ri is the equilibrium position of the i-th ion.
Xext we expand the force Kl from (6) in powers of SRjl and get the following result :
From (7) we calculate
The force K l vanishes for 8Rf1 = 0, so the first term in the sum (8) drops out.
Substitution of (9) and (10) into (8) gives
We can write Kl = 2, e F1, where P1 is the local effective electrical field a t R1 :
Tho Transverse Optical Modr
We now want to calculate F 1 for a transverse optical mode in a lattice consisting of two types of' ions We take The field a t a positive ion consists of two parts, one part corresponding to all the other positive ions and a second part corresponding to the negative ions. I n the contributions of the positive ions there appears the quantity 8Rji ZE SRj -8R1= 8R: -8R: = 0 , and t,his means that the positive ions do not give a contribution to the field a t a positive ion site in the limit of infinitely long waves.
The electrical field a t a positive ion site R2 reduces to x (RYi * (WRO, -8RO)) Rjl .
(13)
I z' indicates a sum for all negative ion sites. We now take as our lattice a NaCl structure and calculate (13) by substituting
where 2 a is the lattice constant and n, m, and p are integers. It can be shown that for a NaCl structure the sum over the negative ions can be written as (i) For I = 0 (no conduction electrons) the derivation is no longer correct because the sum is not uniformly convergent and the interchange of summation and taking the limit is not allowed.
(ii) The function G ( z ) has the limiting value 1 for x --z 0.
(iii) If we define G ( 0 ) = 1 we can also use (14) and (15) for the case A = 0, for then we get 4 n
-

3
a lattice constant 2 u = 6 8 . and T = 300 OK we find x = 0.25 by using formula (3b). Table 1 .
P( +)
=
The Change of the Curie Temperature
The equations of motion for the ions are For the calculation of Td from equation (20) it is necessary that the dependence of K,, from T is known. We calculate this dependence by using the following relations which apply for the case that there are no conduction electrons pres-.entl) : The first and second equation give the frequency of the transverse and longitudinal optical modes. The third one is the Lyddane-Sachs-Teller relation and the last one is the Curie-Weiss law. I n the case considered in this paper E~ == 1 because the ions are not polarizable. From these equations we derive a relation between K,, and T which depends on the parameter C and T,: I n general we may state that for increasing concentration of charge carriers the Curie temperature decreases because dG(x)/dx < 0.
